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SUMMARY

Flight service experience and in-service inspection results are reported for DC-10 carbon-epoxy rudders
during their use by commercial airlines for 9 years. Twenty carbon-epoxy rudders were produced, and 15
have flown in aircraft operated by commercial airlines. The rudders have collectively accumulated
281,907 flight-hours in 108 months of service, with an average utilization of 9.5 hours per day. The high-
time rudder has accumulated 32,133 hours in 95 months of service, for an average utilization of 11.4
hours per day. In-service inspections indicate that the rudders are acceptable for continued service.
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PREFACE

This report was prepared by Douglas Aircraft Company, of McDonnell Douglas Corporation, in Long
Beach, California, under Contract NAS1-12954. It is the ninth annual summary report covering airline
service experience between July 1, 1984 and June 30, 1985. The program is sponsored by the National
Aeronautics and Space Administration (NASA), Langley Research Center. Marvin B. Dow is the
Technical Representative of the Contracting Officer for NASA.

The following personnel were the principal contributors to the program during the reporting period:

Bruce R. Fox Project Manager
H. Benson Dexter NASA Environmental Tests
Mark E. Curley Product Support
Rick Moore Structural Repair
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SECTION 1
INTRODUCTION

Douglas Aircraft Company produced 20 advanced composite rudders for the DC-10 commercizil
transport aircraft under Contracts NAS1-12954 and NAS1-14724. The overall objectives of these con-
tracts were (1) the development of technology to design and fabricate composite structural components
for transport aircraft, (2) the acquisition of manufacturing cost data, (3) the development of confidence
and experience in the use of composite materials in commercial aircraft, (4) the acquisition of
maintenance experience and cost data during airline flight service, (5) the acquisition of data for cor-
relating flight service behavior with ground-based tests, and (6) broadening the base of experience and
confidence in composite usage. An additional objective of Contract NASI-14724 was to reduce
manufacturing costs through development of production tools and methods for the thermal expansion
molding (trapped rubber) process.

Under Contract NAS1-12954, 10 rudders were designed and developed using Thornel 300/Narmco 5208
carbon-epoxy material in a unidirectional 3-inch tape form. The design, development, and testing of
these rudders were reported in Reference 1. FAA certification wasreceived in May 1976, and commer-
cial flight service was initiated in June 1976. Under Contract NAS1-14724, an additional 10 rudders were
designed and developed using Thornel 300/Narmco 5208 carbon-epoxy material in uniwoven and
biwoven cloth forms. The design, development, and testing of these rudders was reported in Refer-
ence 2. FAA certification was received on May 3, 1979, and commercial flight service was initiated in
February 1980.

Fifteen of the 20 advanced composite rudders have flown in commercial service. Two of these rudders
are currently out of service. Rudder Serial No. 4, which had been in service 68 months and had accumu-
lated 22,265 hours, was removed from flight service and ground tested at Douglas. The test is described
in Reference 3. The test demonstrated that the rudder strength and stiffness characteristics were
unchanged during its extended period of flight service. The other out-of-service rudder was removed
after being damaged by lightning. The rudder is currently at Douglas for repair and evaluation, as
described in Section 3.

The effects of outdoor environmental exposure on Thornel 300/Narmco 5208 laminate properties were
investigated using ground-based exposure specimens from San Francisco International Airport and the
NASA-Langley Research Center in Hampton, Virginia. The exposure periods began in October and
November 1974, respectively. Laminate tensile strengths and elastic moduli have been determined by
test after outdoor exposure for up to 10 years. Test results are summarized in Section 4. No significant
trends on laminate strength or stiffness loss were indicated by these tests.

A flight evaluation program to determine the moisture absorption of carbon-epoxy laminates in the real-

time flight environment ended in June 1980 after the laminates were exposed to this environment for
2 years. The moisture absorption data were obtained from flat rectangular specimens of three different
carbon-epoxy laminates (Thornel 300/Narmco 5208, Thornel 300/Narmco 5209, and Hercules Type
AS/3501-6) and two different thicknesses (8 and 16 plies). The results of this evaluation are in Refer-
ence 4. Average weight gains ranged from 0.29 and 0.81 percent, depending on material system,
thickness, and aircraft installation location.
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SECTION 2
RUDDER FLIGHT SERVICE

Fifteen composite rudders have been used in the flight service program. The remaining five rudders will
be installed on commercial aircraft on a rotating basis as the metal forward rudders are modified, in
turn, to accommodate thermal expansion. Two rudders have been removed from service. One rudder
was taken out of service permanently after 68 months in order to conduct a static strength test. The other
rudder was removed after being damaged by lightning. The rudder was sent to Douglas for evaluation
and repair, as described in Section 4.

Two rudders were installed during this reporting period, On May 24, 1985, an ex-Air New Zealand rud-
der, Serial No. 5, which was removed in September 1982 when the original aircraft was sold, was returned
to service aboard Finnair fuselage No. 201. On March 20, 1985, a new rudder was installed aboard
Western fuselage No. 322,

The composite rudders have collectively accumulated 281,907 hours of flight service through June 1985.
The high-time rudder has accumulated 32,133 hours in 7.9 years of service. The lead rudder has
accumulated 30,574 hours in 9.1 years of service. The rudder flight service status through June 1985 is
summarized in Tables 1 through 9.

So far, the service experience has been good, with no problems being reported for most of the rudders.
However, there have been four incidents which required rudder repairs. Two lightning strike incidents
resulted in minor surface damage, as reported in Reference 4. The damage was easily repaired on the air-
craft by the operating airline. A composite rudder suffered a disbonded rib, which was believed to have
been caused by ground handling, and had to be removed from the aircraft for repair. The damage and
repair are described in detail in Reference 5. Another rudder was significantly damaged from a lightning
strike and was removed from the aircraft for repair, as described in Section 4.

A composite rudder was routinely inspected on one occasion during the past year. Results of this latest
and all earlier inspections are summarized in Table 10. All composite rudders have been judged accept-
able for continued service as a result of these inspections. '
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SECTION 3
RUDDER REPAIR

On August 17, 1984, composite rudder Serial No. 2 aboard Western Airlines fuselage 222 was struck by
lightning while approaching San Francisco International Airport. The rudder was damaged in the upper
aft tip region and had to be removed from the aircraft. The rudder had been in use for more than 27,000
" hours at the time of removal. Incidentally, this is the same rudder that was repaired at Douglas after a rib
disbonded, as reported in Reference 3. The damaged rudder is shown in Figure 1.

L4-06395

FIGURE 1. LIGHTNING STRIKE DAMAGE NEAR THE RUDDER UPPER TIP

The primary lightning protection system of the composite rudder consists of an aluminum strip which
runs along the upper portion of the trailing edge and across the tip. This strip is connected to the metal
forward rudder by a bounding strap. After the incident, an investigation disclosed that the lightning pro-
tection strap was inadvertently left off after the last maintenance check.

When the aircraft experienced the lightning strike, the current entered the rudder at the upper hinge. It
arced from the hinge fitting into the carbon skins at the hinge attach bolts, causing a small amount of
damage, as shown in Figure 2. The current then exited from the aircraft at the trailing edge of the com-
posite box forward of the nonconductive fiberglass aecrodynamic trailing edge, causing considerable
damage, as shown in Figure 3. A close-up of the carbon rear spar damage with the fiberglass trailing
edge removed is shown in Figure 4.
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FIGURE 2. CURRENT TRANSFER DAMAGE AT THE HINGE FITTING ATTACH BOLTS

FIGURE 3. TRAILING EDGE EXIT DAMAGE
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L4-06510
FIGURE 4. SKIN AND SPAR CAP DAMAGE

The skin in the damaged area consists of six plies of tape, for a thickness of about 0.033 inch. The skin is
built up to eight plies over an eight-ply spar cap (0.88 inch total thickness). Fiber damage and resin
vaporization extended all the way through the skin forward of the spar, and the skin and spar cap aft of
the rear spar web were completely destroyed.

A number of options existed for repairing the rudder. A quick ‘‘boiler plate’’ repair using an external
patch and existing repair technology was possible and would result in the rudder being returned to serv-
ice in the shortest possible time. An autoclave repair was possible since Douglas has the necessary
facilities and equipment to conduct this type of operation. Or a new, simplified repair technique could
be developed that would be usable by airlines with limited facilities and in remote locations.

1t was decided to develop and demonstrate a wet laminated repair procedure. The procedure developed
is a nonautoclave repair technique using low cure temperatures and only vacuum pressure. The materials
are storable at room temperature so that preimpregnated materials need not be refrigerated. The equip-
ment is relatively simple and portable, and most airlines should be able to afford it. The technique uses
dry carbon cloth which is impregnated with a resin system utilizing an aromatic amine curing agent at the
repair site. The material used was Hercules AS4 carbon cloth and Hysol EA956 resin with the L3
catalyst. This sterically inhibited catalyst extends the resin working life from the normal 30 minutes to
7 hours. This is a necessary condition for this type of laminating technique since 30 minutes is not
enough time to impregnate and lay-up the carbon cloth.
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Early tests indicated that a wet laminated repair system would not have sufficient strength. However, the
repair scarf geometry and processing conditions were developed until the repair strength was able to
exceed the autoclave cured parent material strength, as shown in Figure 5. The material systems
evaluated were Hysol EA956, EA9323, EA956 with an EA9321 adhesive interface, EA956 with BR127
primer, and Ciba Geigy CG1300.
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o U Z % Z
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REPAIR MATERIAL/SYSTEM

EARLY FINAL [N\ PARENT LAMINATE

FIGURE 5. REPAIRED LAMINATE STRENGTH

Figure 6 shows a view of an early repair test coupon that failed prematurely under static tension load.
The failure occurred at the interface between the autoclave cured parent laminate and the repair
laminate, as indicated in the figure by the very clean failure surface. The failure occurred at approxi-
mately 52 percent of the parent material strength. Figure 7 shows a final repair test coupon. In this case,
the failure occurred outside of the repair zone in the parent laminate. This test verified that proper appli-
cation of this repair technique will restore a damaged ﬁutpclave cure laminate to its original strength.

The rudder repair procedure is shown in schematic form in Figure 8. The front spar access plates were
removed to locate the internal backup plates. The damaged skin and spar cap were sanded until the skin
was tapered at a 50:1 length-to-thickness ratio. This taper ratio was determined during the repair
development program. Figure 9 shows the prepared rudder after the damage was removed and the skin
was tapered.

20



- A X1 S
‘ -3 A Y 2

L5-04047
FIGURE 6. EARLY REPAIR CONFIGURATION SHOWING COHESIVE FAILURE

L5-04044
FIGURE 7. FINAL REPAIR CONFIGURATION SHOWING PARENT LAMINATE FAILURE
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L.5-04833

FIGURE 9. PREPARED RUDDER, READY FOR REPAIR

The spar cap was replaced by a precured bonded carbon angle. The angle was made on a simple ‘‘bent- -
to-fit’’ sheet metal tool. Dry carbon cloth was impregnated with resin and laid up on the tool. The angle

was cured at 200°F under a heat lamp at vacuum pressure. The spar répair angle and tool are shown in
Figure 10. The angle was then bonded to the spar web using Cleco’s to provide bond line pressure. Fig-

ure 11 shows a view of the angle being positioned on the spar web.

Templates defining the skin and spar cap repair plies were cut from Mylar and checked for fit, as shown
in Figure 12. The skin was prepared for bonding and the bond surface verified by water break test. A
single piece of carbon cloth was then impregnated with resin, as shown in Figure 13. The individual ply
pieces were cut using the template and are shown being laid in place over the skin in Figures 14 and 15.
The repair zone was vacuum bagged, as shown in Figure 16, and cured under a thermocouple-controlled
heat blanket. The vacuum and heat were supplied by an ACR 9000 portable controller, manufactured by
the Brisk Heat Company and shown in Figure 17. -

After the cure operation was completed, the repair area was visually and hltrasor{iéélly inspected, the
front spar access plates were replaced, and the fiberglass trailing edge was attached to the rudder. The
completed repair is shown in Figure 18. The rudder will be painted and returned to flight service as soon
as arrangements with the airline can be made.
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FIGURE 11. REAR SPAR REPAIR
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L5-05974
FIGURE 12, PLY TEMPLATES

L5-06129

FIGURE 13. IMPREGNATING PROCESS
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L5-06127

L5-06126

FIGURE 15, WET LAY-UP COMPLETION
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L5-06120

L5-08584
FIGURE 17. VACUUM AND HEAT SUPPLY AND CONTROLLER
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£5-08583

FIGURE 18. COMPLETED RUDDER REPAIR
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SECTION 4
ENVIRONMENTAL TESTS

Ground exposure specimens were deployed in exposure racks at San Francisco International Airport
and at the NASA Langley Research Center in Hampton, Virginia in October and November 1974,
respectively. Each rack contained 20 stressed specimens, which were preloaded in tension to approx-
imately 36 percent of the ultimate tensile strength, and 20 unstressed specimens.

After outdoor exposure for 1, 3, 5, 7, and 10 years, four of the stressed and four of the unstressed speci-
mens were removed from each rack and tested to failure in tension. Eight unstressed control specimens
with no outdoor exposure were also tested before the exposure period began and eight unstressed
specimens which were stored indoors for 10 years were tested at the end of the exposure period.

The test program has now been completed. In general, the residual tensile strengths of the outdoor
specimens are within the scatter band for the strength of the baseline specimens. The test results indicate
that the T300/ 5208 quasi-isotropic tensile specimens were unaffected by either the outdoor environment
or the sustained tensile stress at the two exposure sites indicated. The test results are summarized in
Tables 11 through 16 and in Figures 19 and 20.
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FIGURE 19. AVERAGE TENSILE STRENGTH VERSUS EXPOSURE TIME FOR
ENVIRONMENTAL SPECIMENS
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FIGURE 20. TENSILE MODULUS OF ELASTICITY VERSUS EXPOSURE TIME FOR

ENVIRONMENTAL SPECIMENS
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